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NATIONAL ADVISORY COMMITTEE FOR AEROWAUTICS

TECHNICAL. MEMORANDUM NO, 1152

THE SEPARATION OF FLOW DUE TO COMPRESSIBILITY SHOCK™
'Bw A, Welse

SUEMARY

It 1s known that the compressibllity shocks. accom--
panying local or total supersonic flows lead to pronounced
Ilow separetions which result in unusually high enerig
losses on airplane wings, vanes, and in diffusers. e
phenomena were investigated experimentally and theoreti-
cally., Although the findings have not been completely
worked up, some of the observatlona are presented in the
present report.

I. TWO PRINCIPAL FORMS OF FLOW SEPARATION

The compressibility shock proceeding from the region
of separation is of necesasity oblique, because only 1t
‘ enables a deflectlion of the supersonic flow at the wall
and so the formation of a dead-2ilr region. The dead-
elr boundary 1s, at first, stralght. The angles between
flow direction, on the one hand, and the shock front
end dead-air boundary, on the other, stand in the known
relationships established in the theory of the oblique
compressibllity shocke. Although all separations in this
respect look alike, they result in great differences if
the subsegquent process of separation shock 1s taken
into account. From the numerous schlieren retords of
supersonic flows taken throughout the years, two princi-
pal types of shock patterns have Iinvolved:

-

(a) The simple curved shock which strikes the wall
as an obligue shock continuously changes in direction
with increasing distance from the wall and gradually

#s58ber die Strémungsablosung durch Vbrdichtungsstﬁgse,
Technische Berichte, Band 10, Heft 2, 1943, pp. 59 to
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turns into the vertical shock, This shock manifeats
comparatively little sepsration and & marked tendency
to close in. (See fig.. 1(a) )

(b) The forked or branched compressibility shock,

_ which likewlse s‘tarts as separating oblique shock at

the wall, but then at some distence away from 1t,
brenches out under dilscontinuous change of diraction.
One branch, the principal shocl, which may be vertical
or oblligue in the Junction poilnt, contlnues straight
or curved into the flow., Tkse other branch turns back
as obllique shock toward the wall, but terminates,
before reaching it, at the boundary of the dead-air region,
which in this point hes & dlscontinulty. (Ses rig. 1(b).)
Hence, the term "vertical" or btligus" branch is en»loyed
hereafter, depending upon the chersctér of the principal
shock, .

II. THEEORY OF BRANCHING (CR FORKING):

The theory of the indivilual obligue or vertical
compressibility shock is generslly known. The calcu-
lation of the braench is hased on the conditions resulting
Irom the fact that in the flow from the branching point
transverce to the stresmlinua, no.discontinuiiy in
direction or pressurs; but only in the velocity mey
occur. In conssguence:

(a) The sum of the defleetions in the first and .
second obligue shcck in the branch point must be equal
to the . deflection in the principal shocke.

(b) The product of the pressure ratlos in the first
and second oblique shock muast be squal to the prassurc
ratlo of the principal shock.

The calculation was carrisd out for parallel
Inflow with respect to the dimenslonless flow

"1

velocity @ = e (w1 = absolute flow velocity,
1 al*

a. ¥ = criticallvelocity). As an ingporiant resuit, i1t was

1

’ . . PN . ™
: . .
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found that vertical branches or forks occur in
~air (% = 1.405) only for -0, & 1.353, that is, for

Mach numbers Hig l.h84. Obligue branches are sti]l
po&slble in a certaln range below this limit. The

aengles occurring at the vertlcal branches, which
definitely depend upon the flow veloclty, are reprssented
in figure 2, whlle figure 3 gives the pressures produced
by the indlvidual oblique shocks, as well as the total
shock in the 1ogar1thmic ordinats scale,

For given angle of deflection either a "'weak"
obligue shock of low pressure or a "strong" obllique shock
of hilsher pressure ratlo that leads to subsonic veloclty,
13 rossible. At maximum angle of Jeflecticn strong and
weak shook are lﬂ3ntica1. At the fork the firest oblique
shock must alweys he weak and resalt in supersonic
vileelty, or else no second nivligquo shock is possibls,

At 1.353'2 W, é 1.75 tho sweond obligqus shock 18 strong,

at w, = 1.75  the deflectlon 1s maximm and beyond 1t

is weai, The ahbsolute maximm an@1e of deflection,
which , however, lies helow tho related meximum, 1s reachod

at w; = 2.2, Tp o w; = 1,8 the secoad obilque shock

3
results in subaonic, stove 1y te supersonit velocity.

Ao formula reeds:

" 2
22 x 1.,.2'L.1 % + 1 xXx=-1), ¢
wy £ T X - 1 x*
The vealus varioes littls with x.

® Double oblique zhocks exist also for flow veloclties
above Wy ¥ 1.353, after the pzssagé of which the flow

reaches pressures, withoubt resulting deflectlon, which
up to a ccertain upper limit lis above the terminal
presszure of the verticel shocks. Such doublc oblique
shocks can, of course, form no branches (or forks).

But they compress . wi*h greator efficlency than the
vortical shock,
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ITI. CONSEQUENCES' OF BRANCHING (OR FORKING)

The schlieren record, figure l}, shows a vertical
double branch in a divergent channel. Branches (or
forks) khaving a common vertical prineipal shock proceed
fron opposite points of the channel wall. The two slits
provided for & removal of boundary layer by suctlon are
unused, they lle In the dead-alr reglon and &re therefore
inconsequential for the flow.

The phctograph, figure l, showa anotiaer significant
fact, namely, the appearance of waves downstream from
the forks, the practically statlionary charscter of which
wilth regard to a certain fluctuation of the phvnomenon
was speclfically checked and confirwed by slow-motion
plctures (freguency up to 3000s-1).2

This formation of waves 1s also found on the old
schlleren photographs of Laval nczzles (Prandtl) as well
ag on riodern sschlleren records ol airplans wings. Bubt
they are not pleln enough to skow the nsture of the
phenomena. Stodolels prassure-distribution measurements
in Laval nozzles exhiblt perlodic pressures varlations
behind the shock.

The wave formatlion 1ls at First reminiscent of the
famllar phenomena accompanyizg the discharge fron
divergent or nonconvergent nczzles against high or low
pressure. But 1t 1s of another kind and especially
Interestling for the reason that the flow veloclty changes
periodically betweeon the subsonic and thu supersonic
range., For behind tne vertical principal shock (respec-

tively, for 1.%5% < ©y g 1.8 behind the entire fork)

subsonic velocity prevalls. From observations of the
Mach lines at obstacles, introduced in the weve pattern,
1t wae proved that supersonlc speed is reached sgaln,
The atrong schllersn transverss to the {low followlng
the fork thercfore represent dsvelcoped compressibllity
shocks, which at lesst In thue cunter, elways leed from

® There also occur periodlc nonstatlonary multiple
shocks, which in lnteresting cycle move wlth velocltles
of the order of magnitude of the flow veloclty.
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supersonic to subsonic veloclity. Due to the energy

. consumption of these shocks the phenomenon ultlimately
dles out, but not &8 rapidly-as the cited pure auper- -
sonic waves in gas jete.

According %o the observations up to now, the
described wave formation seems to be tled to the
exlstence of forks, hence is not present with curved
separation shock, which 1s comnrehensible- for the
pressure in the dead-air region Is also determined by
the pressure relation of the. first oblique shock. It
1s lower than the terminal pressure reached by the fork, -
Thils cannot be maintained, since the pressure at the
dead-air boundary can, at the most, vary slowly, but in
no cese discontinucusly. Thus the compression 15 imme -
dilately followed by an expansion for which a pressure
; gradient 1s alweys avallable at the deed-alr boundary,
and which 1s highor then the ciitical. (See fig. 3, II(b). )
Through the wave formation a rnart of the flow cnergy is-
transformed in vibretion energy and ultimately loat
mechanicelly by damping (principally in the shocks). The
prossurs rise 1ltself achieved by the principal shock does
not penstrete as far as the well, This oxplalus the
: great flow lossc¢s assoclataed with branching. At simple
i senaretlon without branching the discontinuous compressi-
: bility at the dead-air boundary stops and with it the
causc of wave formatlon. Ths flow pushes through the
pragsure gradlent along the ~urved shock and ensuing
curvatur: of the strcamline is towerd the walli - that is,
the flow closcs Iinto the wall, :

IV. PREVENTION OF ERANCHING AND OF SEFARATICN OF FLOW

Even In the preseonce of felrly thin btoundary layers,
branching wes elways observed ebove the computed branch
limit, although a slmpls separation by curved shock
would also bo concelvable. But by removal of the

“In the channel the principal shock can, of courss,
occasionally shrink to a point. TFor very heavy boundary
layer, as on rough walls, for instance, the fork can
degenerate so that in place of the first obligque shock
a fan of compressiblility lines emerges from the then
curved dead-alr boundary.
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boundary layer by suction it was possible to secure
vertical or curwved shoclks which reasched the wall free
from separation. 4An example is shown. in figure 5,

The removal by sucuion through the slits branching

from the main channel is connectsed. OSince the main
chennel benind the suction point iz not set off toward
the inside, the flow strikes the channel wall back of the
slit owliquely., In congequence there is a deflectlon in
wall direction withh oblique shock, which curves and up
to channel center changes in s vertical shock, perfectly
frece from separation. rFor this reason, the only losses
are those Jdus to the entropy increcse in the shock., The
removal by suctlon further results in a stebilization

of the position of the shock.

ed by J. Vanler
Advisory
for Aeronoutics
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Figure 1.- (a) Diagram of a curved separation shock.

(b) Separation due to “vertical shock fork.”
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Figure 2.- Angles of the “vertical
shock fork?” plotted against the
dimensionless inflow velocity

W1 s ps
w, = —= , (Identification of
1 a 1*
angles by figure 1(b).)
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Figure 3.- Pressure relations for
the vertical fork plotted against
nondimensional flow velocity

| W, = —% , T, = pressure rati
of the first oblique shock,

Ty = pressure ratio of the

second oblique shock,
T = pressure ratio of vertical
shock and of both oblique shocks.
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Flgure 4. Double fork with separation of flow and formation of waves in a
divergent channel. No flow passes through the suction slits.The
arrow indicates the direction of flow. The dead air boundary is
visible (Schlieren photograph).

Figure 5. Compressibility shock in.a divergent channel free from separa-

tion, obtained by boundary layer removal by suction through the
two visible slits. The arrow indicates the flow direction {(Sch-
lieren photograph}.




